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WAVEGUIDE-EMBEDDED OPTICAL
CIRCUIT AND OPTICAL FUNCTIONAL
ELEMENT USED THEREIN

BACKGROUND OF THE INVENTION

The present mvention relates to a waveguide-embedded
optical circuit and an optical functional element used this,
particularly to an arrayed waveguide-embedded optical cir-
cuit comprised of two or more embedded optical
waveguides and an optical functional element used therein.

DESCRIPTION OF THE PRIOR ART

In recent years, optical communication 1s widely utilized
to transmit information at high data rate. In optical commu-
nications, a non-reciprocal optical functional element, such
as an optical 1solator element, a circulator or the like 1s
suitably 1nserted in a predetermined part of an optical
waveguide (optical fiber or embedded type optical
waveguide) to constitute an optical circuit.

As described 1n JP10-68910A, a non-reciprocal optical
functional element, such as an optical 1solator element, a
circulator or the like, 1s generally constituted to have an
optical 1solator, such as a Faraday rotator or polarizer,
positioned between two lenses. However, since a so-config-
ured non-reciprocal optical functional element has many
parts, 1t 1s dithcult to mimaturize, and since 1t needs high
precision alignment of the optical axis, the production cost
becomes high. Thus, the optical circuit of the waveguide-
embedded type, in which the optical functional element
comprising the Faraday rotator, polarizer or the like 1s
directly inserted 1in a groove provided by separating the
optical waveguide without lenses, has attracted attention.

Since a waveguide-embedded optical circuit can minia-
turize the overall size, including that of the optical
waveguide 1 which it 1s inserted, 1t 1s also possible to
coniigure an arrayed optical circuit having optical functional
clements arranged in parallel on two or more embedded
optical waveguides as described 1n JP11-119158A.

However, when light propagates through the optical
waveguide separated by the groove, loss occurs that 1s
caused mainly by diffraction 1n the separated region. FI1G. 1
1s a diagram for explaining this loss, and schematically
shows the state of light propagating from an optical
waveguide 41 consisting of a core 41aq and a cladding 415
across a gap to an optical waveguide 42 consisting of a core
42a and a cladding 425, wherein FIG. 1(a) shows the case
of a small core size and FIG. 1(b) shows the case of large
core size. As shown 1n FIG. 1(a) and FIG. 1(b), since the
light outputting from the optical waveguide spreads owing
to diffraction, diffraction loss increases as the gap “d”
becomes larger. On the other hand, as can be seen from a
comparison ol FIG. 1(a) and FIG. 1(b), since the diflraction
becomes very pronounced as the beam-spot 40 becomes
smaller, 1t 1s necessary to make the gap width narrow and
enlarge the diameter of beam spot in order to reduce
diffraction loss.

For this reason, when the optical waveguide separated by
the groove 1s an optical fiber, loss resulting from diffraction
can be reduced 1if the spot-size 1s transformed by using a
TEC (Thermally Expanded Core) fiber whose core diameter
has been locally expanded at the end. As 1s well known, the
core 1n a TEC fiber 1s expanded by heating with a micro-
burner, heater or the like. This 1s described 1n, for example,
JP10-339848 A, “Eflicient coupling of a semiconductor laser
to an optical fiber by means of a tapered waveguide on

10

15

20

25

30

35

40

45

50

55

60

65

2

silicon” (Appl. Phys. Lett. 55(23), 4 Dec. 1989,
pp2389-2391), and “Polymeric buried core adiabatic optical
spot-size transformer” (ELECTRONICS LETTERS Vol. 38,
No.7, 28th Mar. 2002, pp319-321).

However, since the heat capacity of the waveguide-
embedded optical circuit 1s very large compared with that of
an optical fiber, 1t 1s diflicult to expand the diameter of a core
locally by heating 1n the manner of the TEC fiber. Thus, 1n
the waveguide-embedded optical circuit, there 1s a problem
that the loss owing to the diffraction that arises 1n the groove
in which the non-reciprocal optical functional element 1is
inserted becomes large.

When establishing the groove in the embedded optical
waveguide and mserting the optical functional element, such
as a Faraday rotator and a polarizer, 1n the groove directly 1n
this way, big loss occurs in the groove. Therefore, when
taking advantage of the possibility of mimaturizing the
waveguide-embedded optical circuit 1n configuring an array
optical circuit, there arises a problem of diffraction loss
occurring in every channel.

SUMMARY OF THE INVENTION

It 1s therefore an object of the present invention to provide
an arrayed waveguide-embedded optical circuit with
reduced loss at a groove.

Another object of the present invention to provide an
optical functional element using for an arrayed waveguide-
embedded optical circuit.

The above and other objects of the present invention are
accomplished by an arrayed waveguide-embedded optical
circuit comprising a waveguide, a groove formed across the
waveguide, and two or more spot-size transformer pairs
whose members face each other across the groove, wherein
cach spot-size transiformer comprises at least a first optical
waveguide comprising a {irst core and a first cladding, and
a second optical waveguide comprising a second core as a
extension of the first cladding and a second cladding.

According to the present invention, 1n each facing pair of
spot-size transformers, the spot-size of the light inputting to
the first optical waveguide of one spot-size transformer 1s
expanded, the light propagates through the second optical
waveguide and 1inputs to the second optical waveguide of the
other spot-size transiformer facing the one spot-size trans-
former across the groove, the spot-size of the light 1is
reduced, and the light propagates through the first optical
waveguide. Since the spot-size of the light propagating
through the groove 1s expanded, 1t 1s possible to significantly
reduce the loss owing to diffraction. It 1s therefore possible
to reduce the diffraction loss occurring 1n each channel and
exploit the advantage of the wavegmde-embedded optical
circuit being capable of miniaturization. Accordingly, 1t 1s
possible to provide an arrayed waveguide-embedded optical
circuit with preferable characteristics.

In a preferred aspect of the present invention each spot-
s1ze transformer comprises at least, a first optical waveguide
comprising a first core and a first cladding and a second
optical waveguide comprising a second core as a extension
of the first cladding and a second cladding.

In a preferred aspect of the present invention, each of the
spot-size transformers {further comprises a transition
waveguide positioned between the first optical waveguide
and the second optical waveguide and 1s constituted so that
the width of the first core becomes gradually narrower as 1t
goes toward the second optical waveguide. According to this
aspect of the present invention, 1t 1s possible to transform the
spot-size of the light in the transition waveguide.
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In a preferred aspect of the present invention, a first
cladding substantially covers the whole surface of the first
core. Moreover, the center of the first core and the center of
the second core are preferably aligned substantially on the
same axis. According to this aspect of the present invention,
since the center of the beam spot propagating through the
first optical waveguide and the center of the beam spot
propagating through the second optical waveguide are sub-
stantially aligned, 1t 1s possible to transform the beam
spot-size more elliciently.

In a preferred aspect of the present invention, the groove
1s formed at an angle to a plane perpendicular to the axis of
the light propagating through the spot-size transiormer.
According to this aspect of the present invention, it 1s
possible to prevent reflective light occurring at the groove
from propagating backwards.

In a preferred aspect of the present mnvention, the arrayed
waveguide-embedded optical circuit further comprises an
optical 1solator element inserted 1n the groove. According to
this aspect of the present invention, it 1s possible to provide
an arrayed optical 1solator or an arrayed optical circulator
with low loss.

In a preferred aspect of the present invention, the optical
1solator element 1s provided at an angle to a plane perpen-
dicular to the axis of the light propagating through the
spot-size transformer. According to this aspect of the present
invention, 1t 1s possible to prevent retlective light occurring
at the surface of a magneto-optic functional element from
propagating backwards. Moreover, 1n the above case of
forming the groove at an angle, 11 the 1nsertion angle of the
magneto-optic functional element 1s set as a predetermined
angle defined by the formation angle of the groove, the
optical axis gap between the mcident light and the trans-
mitted light caused by inclination of the groove can be
rectified, and 1t 1s possible to reduce loss.

In a preferred aspect of the present invention, the arrayed
waveguide-embedded optical circuit further comprises an
optical filter inserted 1n the groove. According to this aspect
of the present invention, 1t 1s possible to provide an arrayed
optical filter with low loss.

The above and other aspects of the present invention can
also be accomplished by an optical functional element which
can be iserted into a groove of an arrayed waveguide-
embedded optical circuit which comprises a waveguide, a
groove formed across the waveguide and two or more
embedded optical waveguide pairs whose members face
cach other across the groove, wherein the optical functional
clement has regions for passing the light propagating
through the two or more pairs of the embedded optical
waveguides.

According to this aspect of the present invention, since the
optical functional element 1s 1nserted 1nto the groove formed
on the arrayed waveguide-embedded optical circuit, 1t 1s
possible to 1mpart predetermined optical characteristics to
cach pair of the embedded optical waveguides and reduce
the number of components.

In a preferred aspect of the present invention, the optical
functional element comprises a magneto-optic functional
clement, first and second birefringent plates formed on one
surface of the magneto-optic functional element, and third
and fourth birefringent plates formed on the other surface of
the magneto-optic functional element. According to this
aspect of the present mvention, 1t 1s possible to use the
optical functional element as an optical i1solator.

In a preferred aspect of the present invention, a boundary
between the first and second bireiringent plates and a
boundary between the third and the fourth birefringent plates
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4

coincide substantially with the direction of arrangement of
the pairs of embedded optical waveguides when the optical
functional element 1s inserted into the groove. In another
preferred aspect of the present invention, the first and second
birefringent plates are arranged alternately on one surface of
the magneto-optic functional element and the third and
fourth birefringent plates are arranged alternately on the
other surface of the magneto-optic functional element. In a
turther preferred aspect of the present invention, the first and
second birefringent plates are arranged on one surface of the
magneto-optic functional element 1n a checker pattern and
the third and fourth birefringent plates are arranged on the
other surface of the magneto-optic functional element 1n a
checker pattern.

In a preferred aspect of the present invention, the first and
third birefringent plates are located at positions where, when
the optical functional element 1s inserted into the groove,
one half of the beam spot of the light propagating through
cach pair of embedded optical waveguides 1s projected and
the second and fourth birefringent plates are located at
positions where, when the optical functional element 1s
inserted into the groove, the other half of the beam spot of
the light propagating through each pair of the embedded
optical waveguides 1s projected. According to this aspect of
the present invention, it 1s possible to constitute an arrayed
optical i1solator by inserting the optical functional element
into the groove on the arrayed waveguide-embedded optical
circuit.

In a preferred aspect of the present invention, the first and
third birefringent plates are located at positions where, when
the optical functional element 1s 1nserted 1nto the groove, the
beam spot of the light propagating through a predetermined
pair of the embedded optical waveguides among the two or
more pairs of the embedded optical waveguides 1s projected
and the second and fourth birefringent plates are located at
positions where, when the optical functional element 1s
inserted 1nto the groove, the beam spot of the light propa-
gating through another pair of the embedded optical
waveguides adjacent to the predetermined pair of the
embedded optical waveguide among the two or more pairs
of the embedded optical waveguide 1s projected. According
to this aspect of the present invention, 1t 1s possible to
constitute an arrayed optical circulator by inserting the
optical functional element into the groove on the arrayed
waveguide-embedded optical circuait.

In a preferred aspect of the present invention, the crystal
axes of the first, second, third and fourth birefringent plate
are set to +22.5 degrees, —67.5 degrees, —22.5 degrees,
+67.5 degrees to a predetermined reference axis, respec-
tively. According to this aspect of the present invention, 1t 1s
possible to use components in common and achieve high
productivity.

In a preferred aspect of the present invention, the optical
functional element comprises a magneto-optic functional
clement, first birefringent plates formed on one surface of
the magneto-optic functional element at predetermined
intervals, and second birefringent plates formed on the other
surface of the magneto-optic functional element at prede-
termined 1ntervals. In this case, 1t 1s preferable for the first
and second birefringent plates to be located at positions
where they do not substantially face each other across the
magneto-optic functional element. According to this aspect
of the present invention, it i1s possible to constitute an
arrayed optical circulator by inserting the optical functional
clement 1nto the groove on the arrayed waveguide-embed-
ded optical circuat.



US 7,068,864 B2

S

The above and other aspects of the present invention can
also be accomplished by an optical functional element
comprising a magneto-optic functional element, first and
second birefringent plates formed alternately on one surface
of the magneto-optic functional element, and third and
fourth birefringent plates formed alternately on the other
surface of the magneto-optic functional element. According
to this aspect of the present invention, it 1s possible to
constitute an arrayed optical 1solator or an arrayed optical
circulator by 1nserting the optical functional element into the
groove on the arrayed waveguide-embedded optical circuait.

The above and other aspects of the present invention can
also be accomplished by an optical functional element
comprising a magneto-optic functional element, first bire-
fringent plates formed on one surface of the magneto-optic
functional element at predetermined intervals, and second
birelringent plates formed on the other surface of the mag-
neto-optic functional element at predetermined intervals.
According to the present invention, it 1s possible to consti-
tute an arrayed optical circulator by inserting the optical
functional element 1into the groove on the arrayed
waveguide-embedded optical circuit.

The above and other aspects of the present invention can
also be accomplished by a waveguide-embedded optical
circuit comprising a waveguide, a groove formed across the
waveguide, two or more embedded optical waveguide pairs
whose members face each other across the groove, and an
optical functional element which can be inserted into the
groove, wherein the optical functional element has regions
that pass light propagating through the embedded optical
waveguide by way of the groove. According to this aspect of
the present invention, the number of components can be
reduced because desired optical characteristics can be
imparted to two or more embedded optical waveguides
using a single optical functional element.

As explained above, according to the present invention,
since the members of spot-size transformer pairs face each
other across a groove and the spot-size 1s expanded at the
groove, 1t 1s possible to significantly reduce the difiraction
loss arising when the signal light passes across the groove.
It 1s therefore possible to reduce the diffraction loss occur-
ring 1 each channel and exploit the advantage of the
waveguide-embedded optical circuit being capable of min-
1aturization. Accordingly, 1t 1s possible to provide an arrayed
waveguide-embedded optical circuit with preferable char-
acteristics.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1(a)-1(b) are diagrams for explaining how loss
occurs owing to diffraction, wherein FIG. 1(a) shows the
case of a small core size and FIG. 1(5) shows the case of a
large core size.

FIGS. 2(a)-2(b) are views showing a waveguide-embed-
ded optical circuit 10 (optical 1solator element) according to
one preferred embodiment of the present invention, wherein

FIG. 2(a) 1s a schematic top view and FIG. 2(b) 1s a
schematic side view.

FIG. 3 1s a schematic perspective view showing the
structure of an optical 1solator element 30.

FI1G. 4 1s a schematic perspective view showing a part of
a region 100 shown 1 FIG. 2.

FI1G. 5 1s a schematic perspective view showing the region
100 from opposite direction of FIG. 4.

FIG. 6 1s a cross sectional view taken along line A—A in
FIG. 4.
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FIG. 7 1s a cross sectional view taken along line B—B 1n
FIG. 4.

FIG. 8 1s an enlarged plain view showing the tip of core
regions 104-1, 104-2.

FIG. 9 shows 1n detail the positional relationship among

the lower cladding layer 102-1 (102-2), upper cladding layer
103-1 (103-2), and core region 104-1 (104-2) at the end of

the region 100.

FIG. 10 1s a schematic perspective view showing the state
of the region 100 during the process of fabricating the
waveguide-embedded optical circuit 10.

FIG. 11 1s a schematic perspective view showing the state
of the region 100 during the process of fabricating the
waveguide-embedded optical circuit 10.

FIG. 12 15 a schematic perspective view showing the state
of the region 100 during the process of fabricating the
waveguide-embedded optical circuit 10.

FIG. 13 1s a schematic perspective view showing the state
of the region 100 during the process of fabricating the
waveguide-embedded optical circuit 10.

FIG. 14 1s a schematic perspective view showing the state
of the region 100 during the process of fabricating the
waveguide-embedded optical circuit 10.

FIG. 15 1s a schematic perspective view showing the state
of the region 100 during the process of fabricating the
waveguide-embedded optical circuit 10.

FIG. 16 1s an enlarged sectional view showing an optical
1solator element 30 inserted 1n a groove 13.

FIG. 17 1s graph showing a desirable relationship between
formation angle Og of the groove 13 and insertion angle 0f
of a Faraday rotator 30.

FIG. 18 1s a schematic sectional view showing the struc-
ture of another optical 1solator element 30 which can be
inserted 1n the groove 13.

FIG. 19 1s an enlarged sectional view showing the optical
isolator element 50 1nserted in the groove 13.

FIG. 20 1s a schematic perspective view showing the
structure of still another optical 1solator element 60 which
can be inserted in the groove 13.

FIGS. 21(a)-21(b) show examples of the setting of the
crystal axes of birefringent elements 62—65.

FIG. 22 1s a schematic perspective view showing the
structure of still another optical 1solator element 70 which
can be inserted in the groove 13.

FIGS. 23(a)-23(b) show examples of the setting of the
crystal axes of birefringent elements 72-75.

FIGS. 24(a)-24(e) are charts showing an example of the
flow of processes for fabricating the optical 1solator element
60 shown i FIG. 20.

FIGS. 25(a)-25(e) are charts showing an example of the
flow of processes for fabricating the optical 1solator element
70 shown 1 FIG. 22.

FIG. 26 1s a schematic perspective view showing the
structure of still another optical 1solator element 80 which
can be inserted in the groove 13.

FIG. 27 1s a schematic top view showing a waveguide-
embedded optical circuit 90 (arrayed optical circulator) that
1s another preferred embodiment of the present invention.

FIG. 28 1s a schematic perspective view showing the
structure of an optical 1solator element 110.

FIG. 29 1s a schematic diagram for explaining the optical
paths 1n each circulator 120 in the state where the optical
1solator element 110 1s inserted into a groove 93.

FIG. 30(a) 1s a schematic perspective view partially
showing the state wherein a modified optical 1solator ele-
ment 110 1s inserted into the groove 93.
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FIG. 30(b) 1s a schematic perspective view partially
showing the structure of birefringent elements 112, 113 of
the modified optical 1solator element 110.

FIG. 31 1s a schematic perspective view showing the
structure of still another optical 1solator element 130 which
can be inserted in the groove 93.

FI1G. 32 15 a schematic diagram for explaining the optical
paths 1n each circulator 120 in the state where the optical
isolator element 130 1s mnserted into the groove 93.

FIG. 33(a) 1s a schematic perspective view partially
showing the wherein a modified optical 1solator element 130
1s 1serted into the groove 93.

FIG. 33(b) 1s a schematic perspective view partially
showing the structure of birefringent element 132—-135 of the
modified optical 1solator element 130.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Preferred embodiments of the present invention will now
be explained with reference to the drawings.

FIG. 2(a) and FIG. 2(b) are views showing a waveguide-
embedded optical circuit 10 that 1s a preferred embodiment
of the present invention. FIG. 2(a) 1s a schematic top view
and FIG. 2(b) 1s a schematic side view.

As shown 1n FIGS. 2(a)-2(d), the waveguide-embedded
optical circuit 10 of this embodiment comprises a substrate
11, a waveguide 12 formed on the substrate 11 and an optical
isolator element 30 inserted 1 a groove 13 formed 1n the
waveguide 12. The substrate 11 serves to ensure mechanical
strength of the waveguide-embedded optical circuit 10. The
material of the substrate 10 1s not particularly limited insofar
as the substrate 10 can ensure the mechanical strength of the
waveguide-embedded optical circuit 10 and silicon or glass
1s preferably used as the material of the substrate 10. The
waveguide layer 12, 1s formed with multiple embedded
optical waveguide pairs (five pawrs 1n the 1llustrated
example) each comprising an embedded optical waveguide
21 and an embedded optical waveguide 22, and with an
inclined groove 13 that separates the embedded optical
waveguides 21, 22. The groove 13 1s preferably given the
narrowest width capable of accommodating the optical
isolator element 30. Moreover, the optical 1solator element
30 1s fixed 1n the groove 13 by optical adhesive 14 filled mnto
the groove 13.

FIG. 3 1s a schematic perspective view showing the
structure of the optical 1solator element 30. As shown 1n FIG.
3, the optical 1solator element 30 1s a plate comprised by a
Faraday rotator 31 and the polarizers 32, 33 formed on two
surfaces facing each other across the Faraday rotator 31. The
Faraday rotator 31 serves to rotate the polarization by 45
degrees and may be composed magneto-optic crystals, such
as bismuth-substituted rare-earth iron Garnett, although 1t 1s
not particularly limited to this composition. The thickness of
the Faraday rotator 31 changes with the matenial and the
wavelength of the light propagating through the embedded
optical waveguides 21, 22. For example, when the Faraday
rotator 31 consists of bismuth-substituted rare-earth 1ron
Garnett, 1t 1s required to have a thickness of about 250 um
when the wavelength of the light propagating through the
embedded optical waveguides 21, 22 1s 1.31 um, and 1s
required to have a thickness of 370 um when the wavelength
of the light propagating through the embedded optical
waveguides 21, 22 1s 1.55 um.

Moreover, the polarization directions of the polarizers 32,
33 differ by 45 degrees and, as shown 1n FIG. 3, are arranged
with the Faraday rotator 31 inserted between them so that
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non-reciprocal operation can be realized by using a magnet
(not shown) to apply a magnetic field in the direction of the
optical axis. The material of the polarizers 32, 33 1s not
particularly limited but a birefringent crystal, such as polar-
1zed glass, rutile, crystal or the like, can be used. Although
the optical 1solator element 30 may be configured to have the
Faraday rotator 31 and polarizers 32, 33 directly adhered by
optical adhesive, 1t 1s more preferable to form an intervening
antiretlection coating on each surface.

Next, the internal structure of the waveguide layer 12 will
be explained.

FIG. 4 1s a schematic perspective view showing the region
100 designated 1n FIG. 2 and FIG. 5 1s a schematic perspec-
tive view showing the region 100 seen from the opposite
direction of FIG. 4. In addition, 1n FIGS. 4 and 5, the optical
1solator element 30 inserted 1n the groove 13 1s omitted (and
1s also omitted from FIGS. 6 and 7 explained below). The
region 100 1s a part of the waveguide layer 12 where
embedded optical waveguides 21 and 22 are present on
opposite sides of the groove 13. This embodiment 1includes
five such regions 100 all of the same structure.

As shown in FIG. 4 and FIG. 5, the region 100 comprises
the substrate 11, lower cladding layers 102-1 and 102-2
(sometimes collectively called “lower cladding layer 102”),
upper cladding layers 103-1 and 103-2 (sometimes collec-
tively called “upper cladding layer 103”), core regions 104-1
and 104-2 (sometimes collectively called “core region 104”)
and optical resin layers 105-1 and 105-2 (sometimes col-
lectively called “optical resin layer 105). The part including
the lower cladding layer 102-1, the upper cladding layer
103-1, the core region 104-1 and the optical resin layer
105-1 1s separated by a groove 13 from the part including the
lower cladding layer 102-2, the upper cladding layer 103-2,
the core region 104-2 and the optical resin layer 105-2.

The groove 13 1s formed on the upper face of the substrate
11 to extend downward, making it possible to fully 1nsert an
optical 1solator so as to cover the whole cross-sectional area
of the core region 104, the upper cladding layer 103 and the
lower cladding layer 102 with a filter.

The lower cladding layer 102-1 and upper cladding layer
103-1 serve as a “first cladding” of the embedded optical
waveguide 21 and also as a “second core.”. The lower
cladding layer 102-2 and upper cladding layer 103-2 serve
as the “first cladding” and of the embedded optical
waveguide 22 and also as a “second core.”. The matenal of
the lower cladding layers 102-1 and 102-2 and the upper
cladding layers 103-1 and 103-2 1s not particularly limited
insofar as the refractive indexes of the cladding layers are
lower than the refractive index of the core region 104 but
silica glass or polymer 1s preferably used as the material of
the substrate 11 and the core region 104.

The core region 104-1 serves as a “first core” comprised
of the embedded optical waveguide 21 and 1s formed on part
of the surface of the lower cladding layer 102-1 and 1is
covered with the upper cladding layer 103-1. The core
region 104-2 serves as a “first core” comprised of the
embedded optical waveguide 22 and 1s formed on part of the
surface of the lower cladding layer 102-2 and 1s covered
with the upper cladding layer 103-2. The material of the core
region 104 1s not particularly limited insofar as the refractive
index of the core region 104 i1s higher than the refractive
indexes of the cladding layers but silica glass or polymer 1s
preferably used as the material of the core region 104.

The optical resin layer 105-1 serves as a “second clad-
ding” of the embedded optical waveguide 21 and the optical
resin layer 1035-2 serves as a “second cladding” of the
embedded optical waveguide 22. The material of the optical
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resin layer 105 1s not particularly limited insofar as the
refractive index of the optical resin 1s lower than the
refractive indexes of the cladding layers but an ultraviolet
curable resin 1s preferably used as the matenal of the optical
resin layer 105.

FIG. 6 1s a cross sectional view taken along line A—A in
FIG. 4, and FIG. 7 1s a cross sectional view taken along line

B—B 1n FIG. 4. As shown 1n FIG. 6 and FIG. 7, the core
region 104-1 (104-2) has substantially fixed width (length of
the up and down direction 1n FIG. 6) over a given distance
from the end face, and after that, the width of the end portion
of the core region 104-1 (104-2) becomes gradually nar-
rower as 1t goes toward the groove 13. For this reason, the
core region 104-1 (104-2) 1s not present between the lower
cladding layer 102-1 (102-2) and the upper cladding layer
103-1 (103-2) 1n the portion near the groove 13, so that the
upper cladding layer 103-1 1s directly laminated on the
lower cladding layer 102-1 and the upper cladding layer
103-2 1s directly laminated on the lower cladding layer
102-2.

In this specification, the sections of the embedded optical
waveguide 21, 22 where the width of the core regions 104-1,
104-2 1s set substantially umiform 1s called the “first
waveguide”, the section where the core regions 104-1, 104-2
are not present 1s called the “second waveguide™, and the
section where the width of the core regions 104-1, 104-2
becomes gradually narrower toward the groove 13 1s called
the “transition waveguide.”. In each optical waveguide, the
first waveguide, the transition waveguide and the second
waveguide are united and are collectively called a “spot-size
transformer”. Thus, 1n the waveguide-embedded optlcal
circuit 10 of this embodiment, multiple pairs of spot-size
transformers facing each other across the groove 13 are
provided and in each spot-size transformer, the second
waveguide 1s located on the side of the groove 13 and the
first waveguide 1s located on the side opposite from the
groove 13 (the end side of the waveguide-embedded optical
circuit 10).

The first waveguide 1s a channel type optical waveguide
constituted by the first core and the first cladding, and the
second optical waveguide 1s a channel type optical
waveguide constituted by the second core and the second
cladding. As described above, the first cladding and the
second core are both constituted by the laminated body
consisting of the lower cladding layer 102-1 and the upper
cladding layer 103-1, or by the laminated body consisting of
the lower cladding layer 102-2 and the upper cladding layer
103-2. Moreover, each transition waveguide 1s constituted
by the region where the core changes from the first core to
the second core and the cladding changes from the first
cladding to the second cladding. In this transition region, the
spot-size of the propagated beam changes from a relatively
small spot-size 1n the first optical waveguide to a relatively
large spot-size in the second optical waveguide (or from a
relatively large spot-size in the second optical waveguide to
a relatively small spot-size 1n the first optical waveguide).
That 1s, the actual spot-size transformation 1s performed 1n
the transition waveguide.

It 1s preferable for the end of the taper portion of the core
regions 104-1, 104-2 to be sharper from the theoretical
viewpoint ol suppressing excess loss. However, from the
viewpoint of actual fabrication, the shape with the end of the
taper portion cut off as shown 1n FIG. 8 1s preferable. In this
case, the width of the end part “x,” 1s preferably set to a
small value within the range which does not vary greatly
depending on the fabrication conditions. Specifically, 1t 1s
preferably set to 1 um or less, more preferably set to 0.6 um
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or less. I1 the width x; of the end part 1s set to 1 um or less,
it becomes possible to suppress excess loss to about 0.8 dB
or less 1n most cases, and i1 the width x; of the end part 1s
set to 0.6 um or less, it becomes possible to suppress excess
loss to about 0.4 dB or less 1n most cases. The length “x,

of the tapered part 1s not limited but 1t 1s preferably set
between about 100 times and 200 times the width a, of the
untapered part (the region corresponding to the first optical
waveguide) 1 the core region 104-1, 104-2. By these
settings, 1t becomes possible to prevent enlargement of the
waveguide-embedded optical circuit 10 and effectively sup-
press the excess loss generated 1n the transition waveguide.

As shown 1 FIG. 6 and FIG. 7, the width (length of the
up and down direction 1n FIG. 6) and the height (length of
the up and down direction 1n FIG. 7) of the laminated body
composed of the lower cladding layer 102-1 and the upper
cladding layer 103-1, 1.e., the first cladding and the second
core of the embedded optical waveguide 21, 1s substantially
constant in the section from the end of face the waveguide-
embedded optical circuit 10 to the groove 13. The same 1s
true of the laminated body composed of the lower cladding
layer 102-2 and the upper cladding layer 103-2.

FIG. 9 shows 1n detail the positional relationship among
the lower cladding layer 102-1 (102-2), upper cladding
103-1 (103-2), and core region 104-1 (104-2) at the end of
the region 100.

As shown 1n FIG. 9, defining the height of the core region
104-1 (104-2) as a, and the height of the laminated body
consisting of the lower cladding layer 102-1 (102-2) and the
upper cladding layer 103-1 (103-2) as b, , 1t 1s preferable for
the line that divides the core region 104-1 (104-2) at a,/2 1n
the height direction to substantially coincide with the line
that divides the associated laminated body at b,/2 in the
height direction. That 1s, 1t 1s preferable to align the center
line 1n the height dlrectlon of the core region 104-1 (104-2)
and the center line in the height direction of the laminated
body so as substantially coincide. Similarly, defining the
width of the core region 104-1 (104-2) as a, and the width
of the laminated body as b,, 1t 1s preferable for the line that
divides the core region 104-1 (104-2) at a,/2 1n the height
direction to substantially coincide with the line that divides
the associated laminated body at b,/2 1n the height direction.
That 1s, 1t 1s preferable to align the center line in the width
direction of the core region 104-1 (104-2) and the center line
in the width direction of the laminated body so as to
substantially coincide. This means that 1t 1s preferable to
align the centers in the width direction of the core regions
104-1, 104-2 and the centers 1n the width direction of the
layered members so as to substantially coincide.

The height a, and width a, of the core regions 104-1,
104-2 are not particularly limited but are preferably set to
almost the same size as the diameter of the core of an
ordinary optical fiber (about 7 um). When they are so set, 1t
becomes possible to connect the first optical waveguide of
the embedded optical waveguide 21 (22) and an optical fiber
directly by a V-groove etc.

In the region 100 having the above-described configura-
tion, after the light inputting to the first optical waveguide of
the embedded optical waveguide 21 propagates through the
first core to the groove 13, 1t gradually penetrates the first
cladding 1n the transition waveguide where the width of the
first core becomes gradually narrower. Thus, 1n the transition
waveguide, the first cladding begins to serve as a second
core as 1t goes toward the groove 13 and comes to serve
almost totally as a second core in the second optical
waveguide. Therefore, the beam spot outputting from the
groove 13 1s expanded to larger than the beam spot mnputting
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to the first optical waveguide. Further, after the light input-
ting to the second optical waveguide of the embedded
optical waveguide 22 propagates through the second core to
the opposite side from the groove 13, the incident light
gradually penetrates the first cladding in the transition
waveguide where the width of the first core becomes gradu-
ally wider. Thus, 1n the transition waveguide, the second
core begins to serve as the first cladding as it goes toward the
opposite side from the groove 13 and comes to serve almost
totally as the first cladding 1n the first optical waveguide.
Theretfore, the beam spot outputting from the first optical
waveguide 1s reduced to smaller than the beam spot input-
ting from the groove 13.

In the waveguide-embedded optical circuit 10 of this
embodiment, since the portions where the embedded optical
waveguide 21 and the embedded optical waveguide 22 are
separated by the groove 13 each has the second optical
waveguide with a core of larger diameter than the first
optical waveguide, the beam spot propagating across the
groove 13 1s expanded to larger than the beam spot propa-
gating through the first waveguide. As a result, it 1s possible
to significantly reduce the diffraction loss arising in the
groove 13. Therefore, it becomes possible to reduce the
diffraction loss occurring in each channel and exploit the
advantage of the waveguide-embedded optical circuit being
capable of minmaturization. Further, in the waveguide-em-
bedded optical circuit 10 of this embodiment, as explained
with reference to FIG. 9, 1t 1s possible to minimize the loss
arising 1n the transition waveguide because the center of the
beam spot hardly shifts in the transition waveguide because
the center portions of the core regions 104-1, 104-2, which
are the center portions of the first cores and the center
portions of the laminated bodies constituting the second
cores, are made coincident.

Next, the fabrication process of the waveguide-embedded
optical circuit 10 of this embodiment will be explained with
reference to the drawings. Although only the region 100 1s
explained below, the region 100 1s not separately fabricated
and 1s integrated with the wavegmde-embedded optical
circuit.

First, a substrate 11 of predetermined area i1s prepared
(FIG. 10) and the lower cladding layer 102 and the core
region 104 are formed 1n order over the whole surface of the
substrate 11 (FIG. 11). The method of forming the lower
cladding layer 102 and the core region 104 1s not particularly
limited but a vapor phase growth process using chemical
species containing elements for forming the lower cladding
layer 102 and the core region 104, such as a CVD, a
sputtering, a vacuum deposition, an FHD (Flame Hydrolysis
Deposition), a coating or the like, 1s preferably used. Further,
in the case where silica glass 1s used as the matenial of the
lower cladding layer 102 and the core region 104, the CVD
or the FHD 1s more preferably used from the viewpoint of
productivity and quality. Further, 1n the case where polymer
1s used as the material of the lower cladding layer 102 and
the core region 104, a coating 1s more preferably used from
the viewpoint of easy processing.

Next, the core regions 104-1, 104-2 are formed by pat-
terming the core region 104 (FIG. 12). The core regions
104-1, 104-2 are formed to the shape mentioned above so as
to provide the part where the width 1s fixed and the part
where the width becomes gradually narrower. The method of
patterning the core region 104 is not particularly limited but
it 1s preferable to form a metal mask layer over the whole
surface of the core region 104, apply photoresist on the
metal mask layer, form an etching mask for leaving the core
regions 104-1, 104-2, and remove the unnecessary portions
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of the core region 104 using the etching mask. The removal
of the unnecessary portions of the core region 104 1is
preferably performed by dry etching.

Next, the upper cladding layer 103 1s formed over the
whole surface of the lower cladding layer 102 (FIG. 13). The
method of forming the upper cladding layer 103 i1s not
particularly limited, but the vapor phase growth process
using chemical species containing elements for forming the
upper cladding layer 103 or coating 1s preferably used 1n the
same way as when forming the lower cladding layer 102 and
the core region 104. Further, in the case where silica glass 1s
used as the material of the upper cladding layer 103, the
CVD or the FHD 1s more preferably used. Further, in the
case where polymer 1s used as a material of the upper
cladding layer 103, the coating 1s more preferably used.

Next, a rod-shaped member 1s formed by patterning the
laminated body composed of the lower cladding layer 102
and the upper cladding layer 103 (the core region 104 1is
partially included) (FIG. 14). The rod-shaped member 1s
used as the first optical waveguides and the second optical
waveguides (second cores) of the embedded optical
waveguides 21, 22. The method of patterning the laminated
body composed of the lower cladding layer 102 and the
upper cladding layer 103 1s not particularly limited, but it 1s
preferable to form a metal mask layer over the whole surface
of the upper cladding layer 103, apply photoresist on the
metal mask layer, form an etching mask as to leave the
rod-shaped member, and remove the unnecessary portions of
the lower cladding layer 102 and the upper cladding layer
103 using the etching mask. The removal of the unnecessary
portions of the lower cladding layer 102 and the upper
cladding layer 103 1s preferably performed by dry etching.

Further, the optical resin layer 105 1s formed over the
whole surface of the substrate 11 so as to cover the rod-
shaped member (FIG. 15), the optical resin layer 105 1s
cured, and the groove 13 1s formed (FIG. 4, FIG. 5). The
method of forming the groove 13 is not particularly limaited,
but it 1s preferably formed by slicing using a slicing
machine.

The optical 1solator element shown FIG. 3 1s prepared
separately, mserted 1n the groove 13, and fixed by optical
adhesives. This completes the fabrication of the waveguide-
embedded optical circuit 10 of this embodiment. However,
the method of producing the waveguide-embedded optical
circuit 10 of this embodiment 1s not limited to the foregoing,
and 1t can also be fabricated by other methods.

As described above, the waveguide-embedded optical
circuit 10 of this embodiment 1s provided with multiple
channels each consisting of embedded optical guides 21, 22
and each of the embedded optical waveguide 21, 22 com-
prises the first waveguide, the transition waveguide and the
second waveguide. Owing to this configuration, it 1s possible
to significantly reduce the diffraction loss arising in the
groove 13. Therefore, it becomes possible to reduce the
diffraction loss occurring in each channel and exploit the
advantage of the waveguide-embedded optical circuit being
capable of mimaturization. Further, in the waveguide-em-
bedded optical circuit 10 of this embodiment, 1t 1s possible
to mimimize the loss arising 1n the transition waveguide
because the center of the beam spot hardly shifts in the
transition waveguide because the center of the first core and
the center of the second core (first cladding) are made
coincident.

Next, the formation angle of the groove 13 and the
isertion angle of the optical 1solator element 30 will be
explained.
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FIG. 16 1s an enlarged sectional view showing the optical
1solator element 30 inserted i1n the groove 13.

As shown 1n FIG. 16, defining the formation angle of the
groove 13 (the angle between a plane perpendicular to the
direction of propagation of the incident light n0 through the
embedded optical waveguide 21 and the mner wall of the
groove 13) as Og, and the insertion angle of a Faraday rotator
31 (the angle between the plane perpendicular to the direc-
tion of propagation of the incident light n0 through the
embedded optical waveguide 21 and the surface of the
Faraday rotator 31) as 01, 1t 1s preferable to set the angles so
that 0g=0 degree and 01=0 degree. Thus, if the formation
angle Og of the groove 13 1s set so that Og=0, most of
reflective light ng produced at the surface of the optical
adhesives 14 does not return to the embedded optical
waveguide 21 and 1f the msertion angle 0f of the Faraday
rotator 31 1s set so that 01=0, most of reflective light nt
produced at the surface of the Faraday rotator 31 or the
polarizer 32 does not return to the embedded optical
waveguide 21.

Moreover, 11 the insertion angle 0f of the Faraday rotator
31 is set at a predetermined angle based on the formation
angle Og of the groove 13, misalignment between the optical
axes of the incident light 0 and transmitted light nt caused
by the inclination of the groove 13 can be rectified.

FIG. 17 1s a graph which shows the desirable relation
between the formation angle Og of the groove 13 and the
isertion angle 01 of the Faraday rotator 31. Specifically,
FIG. 17 shows the foregoing desirable relationship in the
case where, when the wavelength of the imncident light n0
propagating through the embedded optical waveguide 21 1s
1.31 um, the thickness of the Faraday rotator 31 1s set at 250
um and the width of the groove 13 at 480 um, and the
toregoing desirable relationship 1n the case where, when the
wavelength of the incident light 0 propagating through the
embedded optical waveguide 21 1s 1.55 um, the thickness of
the Faraday rotator 31 1s set at 370 um and the width of the
groove 13 at 600 um.

If the insertion angle 01 of the Faraday rotator 31 and the
formation angle Og of the groove 13 are set in accordance
with the relationship shown 1n FIG. 17, loss resulting from
optical axis misalignment can be sharply reduced because
the offset between the optical axes of the incident light 10
and the transmitted light nt caused by inclination into the
groove 13 1s rectified by the inclination of the Faraday
rotator 31.

FIG. 18 1s a schematic sectional view showing the struc-
ture of another optical 1solator elements 50 which can be
inserted 1n the groove 13.

The optical 1solator element 50 shown 1n FIG. 18 com-
prises a Faraday rotator 51 and wedge-shaped polarizers 52,
53 provided on opposing surfaces of the Faraday rotator 51.
Thus, as shown i FIG. 19, if the insertion angle of the
Faraday rotator 51 i1s set at 01=0, most reflective light ni
produced at the surface of the optical adhesives 14 and the
polarizer 52 does not return to the embedded optical
waveguide 21. Moreover, as described regarding FIG. 17, in
the so-configured optical 1solator element 350, 11 the insertion
angle 01 of the Faraday rotator 51 1s set at a predetermined
angle based on the formation angle Og of the groove 13, the
optical axis misalignment between the incident light 0 and
transmitted light nt caused by inclination of the groove 13
can be rectified.

FIG. 20 1s a schematic perspective view showing the
structure of still another optical 1solator element 60 which
can be inserted in the groove 13.
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The optical 1solator element 60 shown 1n FIG. 20 com-
prises a Faraday rotator 61 which rotates polarization by 45
degrees, bireiringent elements 62, 63 provided on one
surface of the Faraday rotator 61, and birefringent elements
64, 65 provided on the other (opposite) surface of the
Faraday rotator 61. The matenial of the birefringent elements
62—65 can be, but 1s not limited to, crystal. As shown 1n FIG.
20, the birefringent element 62 1s provided on one half (top
half 1n FIG. 20) of the one surface of the Faraday rotator 61,

and the birefringent element 63 1s provided on the remaining
half (bottom half 1n FIG. 20) of the one surface of the
Faraday rotator 61. Moreover, the birefringent element 64 1s
provided on the part of the other surface of the Faraday
rotator 61 that faces the birefringent element 62, and the
birefringent element 65 1s provided on the part of the other
surface of the Faraday rotator 61 that faces the birefringent
clement 63.

The crystal axis of the birefringent element 62 and the
crystal axis of the birefringent element 63 lie at right angles,
and the crystal axis of the birefringent element 64 and the
crystal axis of the birefringent element 63 lie at right angles.
Furthermore, the crystal axis of the birefringent element 62
and the crystal axis of the birefringent element 64 make an
angle of about 45 degrees, and the crystal axis of the
birefringent element 63 and the crystal axis of the birefrin-
gent element 65 make an angle of about 45 degrees. In this
case, as shown i FIG. 21(a), the crystal axes of the
birefringent elements 62, 63 can be set at 90 degrees and O
degree, respectively, relative to the boundary between the
birefringent element 62 and the birefringent element 63, and
the crystal axes of the birefringent elements 64, 65 can set
at +45 degrees and —-45 degrees, respectively relative to the
boundary between the birefringent element 64 and the
birefringent element 65. As shown in FIG. 21(b) 1t 1s
preferable to set the crystal axes of the birefringent elements
62, 63 at +22.5 degrees and -67.5 degrees, respectively, and
to set the crystal axes of the birelringent elements 64, 65 at
+67.5 degrees and -22.5 degrees, respectively, relative to
the associated boundaries. This configuration raises produc-
tivity because the plate body consisting of the birefringent

clements 62, 63 and the plate body consisting of the bire-
fringent elements 64, 65 can have the same structure.

When the so-configured optical 1solator element 60 1s
inserted in the groove 13 of the waveguide-embedded opti-
cal circuit 10 and a magnetic field 1s applied, then, as shown
in FIG. 20 and FIGS. 21(a)-21(b), the upper hall of the
beam spot S of the light outputting the embedded optical
waveguide 21 passes through the birefringent element 62
and the lower halfl thereol passes through the birefringent
clement 63. The light passing through the birefringent
clements 62, 63 is rotated by 45 degrees by passing through
the Faraday rotator 61 and then passes through the birefrin-
gent elements 64, 65. In this case, since the optical path
length of the light passing through the birefringent elements
62, 64 and the optical path length of the light passing the
birefringent elements 63, 65 are equal, the shape of the light
passing through the optical 1solator element 60 becomes the
same as the shape of the light outputting the embedded
optical waveguide 21. As a result, the light outputting the
embedded optical waveguide 21 couples with the embedded
optical waveguide 22. With respect to light outputting from
the side of the embedded optical wave guide 21, on the other
hand, the optical path length of the light passing through the
birefringent elements 62, 64 1s different from the optical path
length of the light passing through the birefringent elements
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63, 65. The light outputting the embedded optical waveguide
22 therefore does not couple with the embedded optical
waveguide 21.

Therelfore, when the optical 1solator element 60 1s inserted
in the groove 13 instead of the optical isolator element 30,
it becomes possible to use the waveguide-embedded optical
circuit 10 as an arrayed optical 1solator.

FIG. 22 1s a schematic perspective view showing the
structure of still another optical 1solator element 70 which
can be inserted in the groove 13.

The optical 1solator element 70 shown 1n FIG. 22 com-
prises a Faraday rotator 71 which rotates polarization by 45
degrees, birefringent elements 72, 73 formed on one surface
of the Faraday rotator 71, and birefringent elements 74, 75
formed on the other (opposite) surtace of the Faraday rotator
71. As shown i FIG. 22, the birefringent elements 72 and
the birefringent elements 73 are arranged alternately on the
one surface of the Faraday rotator 71. The birefringent
clements 74 and the birefringent elements 75 are provided
alternately on the other surface of the Faraday rotator 71
with the birefringent elements 74 facing the birefringent
clements 72 and the birefringent elements 75 facing the
birefringent elements 73.

The crystal axes of the birefringent elements 72 and the
crystal axes of the birefringent elements 73 lie at right
angles, and the crystal axes of the birefringent elements 74
and the crystal axes of the birefringent elements 75 lie at
right angles. Furthermore, the crystal axes of the birefringent
clements 72 and the crystal axes of the birefringent elements
74 make an angle of about 45 degrees, and the crystal axes
of the birefringent elements 73 and the crystal axes of the
birefringent elements 75 make an angle of about 45 degrees.
Although, 1n this case, as shown 1 FIG. 23(a), the crystal
axes ol the birefringent elements 72, 73 can be set at 90
degrees and O degree, respectively, relative to the boundaries
between the birefringent element 72 and the birefringent
clement 73, and the crystal axes of the birelringent elements
74, 75 can be set at +45 degrees and —-45 degrees, respec-
tively, relative to the boundaries between the birefringent
clements 74 and the birefringent elements 75. As shown 1n
FIG. 23(b) 1t 1s preferable to set the crystal axes of the
birefringent elements 72, 73 at +22.5 degrees and —-67.5
degrees, respectively, and to set the crystal axes of the
birefringent elements 74, 75 at +67.5 degrees and -22.5
degrees, respectively, relative to the associated boundaries.
This configuration raises productivity because the plate body
consisting of the birefringent elements 72, 73, and the plate
body consisting of the birelringent elements 74, 75 can have
the same structure.

When the so-configured optical 1solator element 70 1s
inserted in the groove 13 of the waveguide-embedded opti-
cal circuit 10 and a magnetic field 1s applied, then, as shown
in FI1G. 22 and FIGS. 23(a)-23(b), either the right half or the
left half of the beam spot S of the light outputting the
embedded optical waveguide 21 passes through the associ-
ated birefringent element 72 and the other hallf passes
through the associated birefringent element 73. The light
passing through the bireiringent elements 72, 73 1s rotated
by 45 degrees by passing through the Faraday rotator 71 and
then passes through the birefringent elements 74, 75. In this
case, since the optical path length of light passing the
birefringent elements 72, 74 and the optical path length of
light passing the birefringent element 73, 75 are equal, the
shape of the light passing through the optical 1solator
clement 70 becomes the same as the shape of the light
outputting the embedded optical waveguide 21. As a result,
the light outputting the embedded optical waveguide 21
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couples with the embedded optical waveguide 22. As
regards the light outputting from the side of embedded
waveguide 22, on the other hand, since the optical path
length of the light passing through the birefringent elements
72, 74 1s different from the optical path length of the light
passing through the birefringent elements 73, 75. The light
outputting the embedded optical waveguide 22 therefore
does not couple with the embedded optical waveguide 21.

Therefore, when the optical 1solator element 70 1s 1nserted
in the groove 13 1n place of the optical 1solator element 30,
it becomes possible to use the waveguide-embedded optical
circuit 10 as an arrayed optical 1solator.

The optical 1solator element 60 and optical 1solator ele-
ment 70 described above can be produced by the method
explained below.

FIGS. 24(a)-24(e) are charts showing an example of the
flow of processes for fabricating the optical 1solator element
60 shown 1 FIGS. 20 and 21(a) and 21(b). First, at process
24(a), birefringent material wafers 69 (only one shown) are
cut at regular intervals using a slicing machine or the like so
as to obtain pieces whose cutting directions lie O degree, +45
degrees, —45 degrees and 90 degrees relative to the wafer
crystal axis. At process 24(b), birefringent elements 64 and
birefringent elements 65 (the crystal axis of the birefringent
clements 64 1s +45 degrees and the crystal axis of the
birefringent elements 65 1s —45 degrees) are adhered alter-
nately with optical adhesives, and the birefringent elements
62 and birefringent elements 63 (the crystal axis of the
birefringent element 62 1s 0 degree and the crystal axis of the
birelringent element 63 1s 90 degrees) are adhered alter-
nately with optical adhesives. In this case, pieces of the same
kind can be used for the birefringent elements whose crystal
axis 15 +45 degrees (birelningent elements 64) and the
birelringent element whose crystal axis 1s —45 degrees
(birefringent elements 65). Next, at process 24(c), the bire-
fringent plate consisting of the birefringent elements 62 and
birelringent elements 63 1s adhered to one surface of a
Faraday rotator water 61' and the birefringent plate consist-
ing of the birefringent elements 64 and birefringent elements
65 1s adhered to the other surface of Faraday rotator waler
61'. In this case, the regions where the birefringent elements
62 and birefringent elements 63 are adhered have to match
the regions where the birefringent elements 64 and birefrin-
gent element 65 are adhered, respectively. At process 24(d),
the result 1s cut parallel to the original cutting direction to
obtain multiple optical 1solator elements 60, one of which 1s
shown at 24(e).

Moreover, 1n fabricating the optical 1solator element 60
shown in FIGS. 20 and 21()), at the above-mentioned
process 24(a), the birelfringent wafers 69 can be cut at
regular intervals using the slicing or the like so as to obtain
pieces whose cutting directions lie +22.5 degree, +67.5
degrees, —67.5 degrees, and -22.5 degrees relative to the
waler crystal axis. A process 24(b), the birefringent elements
62 and bireiringent element 63 (the crystal axis of the
birefringent elements 62 1s +22.5 degrees and the crystal
axis of the birefringent elements 63 1s —67.5 degrees) are
adhered alternately with optical adhesives, and the birefrin-
gent elements 64 and birefringent elements 65 (the crystal
axis of the birefringent elements 64 1s +67.5 degrees and the
crystal axis of the birefringent elements 63 1s —22.5 degrees)
are adhered alternately with optical adhesives. In this case,
pieces of the same kind can be used for the birefringent
clements whose crystal axis 1s +22.5 degrees (birefringent
clements 62) and the birefringent elements whose crystal
axis 1s —22.5 degrees (birefringent elements 65). Pieces of
the same kind can also be used for the birefringent elements
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whose crystal axis 1s +67.5 degrees (birefringent elements
64) and the birefringent elements whose crystal axis 1s —=67.5
degrees (birelringent elements 63).

FIGS. 25(a)-25(e) are charts showing an example of the
flow of process for fabricating the optical 1solator element
70 shown 1n FIGS. 22 and 23(a) and 23(d). The processes
25(a)-25(c) are the same as those for fabricating the above-
mentioned optical 1solator element 60. First, birefringent
waters 79 (only one shown) are cut at regular intervals using,
a slicing machine or the like so as to obtain pieces whose
cutting directions lie 0 degree, +45 degrees, —45 degrees,
and 90 degrees relative to the water crystal axis. Next, the
birefringent elements 74 and birefringent elements 75 (the
crystal axis of the birefringent elements 74 1s +45 degrees
and the crystal axis of the birefringent elements 75 1s —45
degrees) are adhered alternately with optical adhesives, and
the birefringent elements 72 and birefringent elements 73
(the crystal axis of the birefringent elements 72 1s 0 degree
and the crystal axis of the birefringent elements 73 1s 90
degrees) are adhered alternately with optical adhesives. In
this case, pieces of the same kind can be used for the
birelringent elements whose crystal axis 1s +45 degrees
(birefringent elements 74) and the birefringent elements
whose crystal axis 1s —45 degrees (birefringent elements 75).
Next, the birefringent plate consisting of the birefringent
clements 72 and the birefringent elements 73 1s adhered to
one surface of a Faraday rotator water 71' and the birefrin-
gent plate consisting of the birefringent elements 74 and the
birefringent elements 75 1s adhered to the other surface of
Faraday rotator wafer 71'. In this case, of the regions where
the birefringent elements 72 and birefringent elements 73
are adhered have to match the regions where the birefringent
clements 74 and birefringent elements 75 are adhered,
respectively. At process 25(d), the result 1s cut orthogonal to
the original cutting direction obtain multiple optical 1solator
clements 70, one of which 1s shown at 235(e).

Moreover, 1n fabricating the optical isolator element 70
shown 1 FIGS. 22 and 23()), at the above-mentioned
process 25(a), the birefringent wafers 79 can be cut at
regular intervals using the slicing machine or the like so as
to obtain pieces whose cutting directions lie +22.5 degree,
+67.5 degrees, —67.5 degrees, and -22.5 degrees relative to
the waler crystal axis. At process 25(b), the birefringent
clements 72 and birelringent elements 73 (the crystal axis of
the birefringent elements 72 1s +22.5 degrees and the crystal
axis ol the birefringent elements 73 1s —-67.5 degrees) are
adhered alternately with optical adhesives, and the birefrin-
gent elements 74 and birefringent elements 75 (the crystal
axis of the birefringent elements 74 1s +67.5 degrees and the
crystal axis of the birefringent elements 735 1s —=22.5 degrees)
are adhered alternately with optical adhesives. In this case,
pieces of the same kind can be used for the birefringent
clements whose crystal axis 1s +22.5 degrees (birefringent
clements 72) and the birefringent elements whose crystal
axis 1s —22.5 degrees (bireiringent elements 75). Pieces of
the same kind can also be used for the birefringent element
clements whose crystal axis 1s +67.5 degrees (birefringent
clements 74) and the birefringent elements whose crystal
axis 15 —67.5 degrees (birefringent elements 73).

Moreover, 1n addition to the optical 1solator elements 30,
50, 60, and 70 described above, it 15 also possible to use the
optical 1solator element 80 shown in FIG. 26 as an optical
1solator element to be 1nserted 1n the groove 13. The optical
isolator element 80 shown in FIG. 26 comprises a Faraday
rotator 81 for rotating polarization by 45 degrees, birelrin-
gent elements 82, 83 provided on one surface of the Faraday
rotator 81 1n a checker pattern and birefringent elements 84,
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85 provided 1n a checker pattern on the other (opposite)
surface of the Faraday rotator 81. An arrayed optical 1solator
can be obtained by inserting the optical 1solator element 80
in the groove 13 so that the center of the beam spot S of the
light outputting the embedded optical waveguide 21 1s
positioned at the center of the grid comprised of the bire-
fringent elements 82, 83 and the grid comprised of the
birelringent elements 84, 85

Although not shown, the crystal axes of the birefringent
clements 82, 83 can be set at 90 degrees and 0 degree,
respectively, relative to the vertical boundaries between the
birefringent elements 82 and birefringent elements 83, and
the crystal axes of the birefringent elements 84, 85 can be set
as +45 degrees and —45 degrees, respectively, relative to the
vertical boundaries between the birelringent elements 84
and birefringent elements 85. However, 1t 1s preferable to set
the crystal axes of the birefringent elements 82, 83 at +22.5
degrees and -67.5 degrees, respectively, and to set the
crystal axes of the birefringent elements 84, 85 at +67.5
degrees and -22.5 degrees, respectively, relative to the
boundaries. This configuration raises productivity because
the plate body consisting of the birefringent elements 82, 83,
and the plate body consisting of the birefringent elements
84, 85 can have the same structure.

Although examples of configuring an arrayed optical
1solator by inserting an optical 1solator element (30, 50, 60,
70, or 80) 1n the groove 13 were described 1n the foregoing,
it 1s also possible to configure an optical filter array by an
inserting optical filter into the groove 13 1nstead of an optical
1solator element. In this case, the same filtering character-
1stic can be imparted to every channel by inserting a large
optical filter into the groove 13, or mserting several optical
filters corresponding to one or more channels. Furthermore,
by 1nserting an optical isolator element in a predetermined
part of the groove 13 and inserting an optical filter in the
other part of the groove 13, as the function of an optical
isolator circuit can be obtained with respect to a certain
channel or channels and as the function of an optical filter
circuit can be obtained with respect to the remaining channel
or channels.

Other preferred embodiments of the present invention will
now be explained.

FIG. 27 1s a schematic top view showing a waveguide-
embedded optical circuit 90 (arrayed optical circulator) that
1s another preferred embodiment of the present invention.

As shown 1n FIG. 27, the waveguide-embedded optical
circuit 90 of thus embodiment comprises a substrate (not
shown), a waveguide layer 92 provided on the substrate and
an optical 1solator element 110 inserted in a groove 93
provided in the waveguide 12. The waveguide layer 92 1s
formed with multiple circulators 120 (four 1n the embodi-
ment 1llustrated 1 FIG. 27) each comprising embedded
optical waveguides 201-208. The groove 93 i1s inclined and
serves to separate the embedded optical waveguides 203
from the embedded optical waveguides 207 and the embed-
ded optical waveguides 204 from the embedded optical
waveguides 208. The groove 93 1s preferably given the
narrowest width capable of accommodating the optical
1solator element 110. Moreover, the optical 1solator element
110 1s fixed 1n the groove by optical adhesive (not shown)
filled 1n the groove 93.

Each circulator 120 comprises optical coupler 211, 212.
The embedded optical waveguides 201, 202 are located on
one side of the optical coupler 211 and the embedded optical
waves 203, 204 are located on the other side thereof The
embedded optical waveguides 205, 206 are located on one
side of the optical coupler 212 and the embedded optical
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waveguides 207, 208 are arranged on the other side thereof.
Moreover, as shown i FIG. 27, the embedded optical
waveguide 203 and the embedded optical waveguide 207
face each other across the groove 93, and the embedded
optical waveguide 204 and the embedded optical waveguide
208 face each other across the groove 93.

When light inputting in the forward direction (rightward
in FIG. 27) from the embedded optical waveguide 2035 exits
from the embedded optical waveguide 202, light inputting 1n
the reverse direction (leftward 1n FIG. 27) from the embed-
ded optical waveguide 202 exits from the embedded optical
waveguide 206. Moreover, when light inputting in the
torward direction (rightward in FIG. 27) from the embedded
optical waveguide 205 exits from the embedded optical
waveguide 201, light mputting in the reverse direction

(leftward 1in FIG. 27) from the embedded optical waveguide
201 exats from the embedded optical waveguide 206.

Since the waveguide-embedded optical circuit 90 of this
embodiment 1s equipped with an array of circulators 120, 1t
can function as an optical circulator array when the optical
1solator element 110 1s nserted 1n the groove 93.

The structure of the region 100 where the embedded
optical waveguide 204 (203) and the embedded optical
waveguide 208 (207) face each other across the groove 93
1s the same as that explained with reference to FIGS. 4-9,
and, as such, comprises a pair of spot-size transformers.
Therefore, as 1n the case of the waveguide-embedded optical
circuit 10 (arrayed optical 1solator) of the embodiment
explained earlier, it 1s possible to significantly reduce the
diffraction loss arising 1n the groove 93.

FIG. 28 1s a schematic perspective view showing the
structure of the optical 1solator element 110.

As shown i FIG. 28, the optical 1solator element 110
comprises a Faraday rotator 111 which rotates polarization
by 45 degrees, multiple birefringent elements 112 provided
at regular intervals on one surface of the Faraday rotator 111,
and multiple birefringent elements 113 provided at regular
intervals on the other (opposite) surface of the Faraday
rotator 111. As shown in FIG. 28, the birefringent elements
112 and the birefringent elements 113 are arranged alter-
nately so as not to face each other. The crystal axis of the
birelringent elements 112 and the crystal axis of the bire-
fringent elements 113 make an angle of 45 degrees.

Although, 1n this case, the crystal axes of the birefringent
clements 112, 113 are set at +45 degrees and 0 degree,
respectively, relative to the boundaries between the regions
where the birefringent element 113 and the birefringent
clements 113 are provided, 1t 1s preferable to set the crystal
axes ol the birefringent element 112, 113 at +22.5 degrees
and —67.5 degrees, respectively, relative to the boundaries.
This configuration raises productivity because the birefrin-
gent elements 112, 113 can have the same structure.

The so-configured optical 1solator element 110 1s mserted
in the groove 93 so that the beam spot S1 of the light
outputting the embedded optical waveguide 204 (208) is
positioned at the part where the birefringent element 112 1s
provided and the beam spot S2 of the light outputting the
embedded optical waveguide 203 (207) 1s positioned at the
part where the birefringent element 113 1s provided.

FI1G. 29 1s a schematic view for explaining the optical path
in each circulator 120 1n the state where the optical 1solator
clement 110 1s inserted in the groove 93. In FIG. 29,
although the crystal axes of the birefringent elements 112,
113 are set at +45 degrees and 0 degree, respectively, 11 these
crystal axes are set at +22.5 degrees and —-67.5 degrees,
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respectively as above-mentioned, it becomes possible to
tabricate the optical 1solator element 110 using birefringent
clements of the same kind.

As shown 1n FIG. 29, when the optical 1solator element
110 1s 1nserted 1n the groove 93, the Faraday rotator 111 and
the birefringent element 112 are located 1n the optical path
between the embedded optical wavegmde 204 and the
embedded optical waveguide 208, and the Faraday rotator
111 and the birefringent element 113 are located in the
optical path between the embedded optical waveguide 203
and the embedded optical wavegumide 207.

For this reason, light (reverse direction light) inputting to
the embedded optical waveguide 202 separates 1n the optical
coupler 211, propagates through the embedded optical
waveguides 203, 204, passes through the optical 1solator
clement 110 and undergoes interference 1n the same phase
and 1s constructed 1n the optical coupler 211. On the other
hand, light (forward direction light) mputting to the embed-
ded optical waveguide 205 separates 1n the optical coupler
212, propagates through the embedded optical waveguide
207, 208, passes through the optical 1solator element 110 and
undergoes interference out of phase and 1s destructed 1n the
optical coupler 211. Thus, the forward direction light input-
ting to the embedded optical waveguide 205 exits from the
embedded optical waveguide 202 and the backward direc-
tion light mputting to the embedded optical waveguide 202
exits from the embedded optical waveguide 206. That 1s, a
circulator function 1s obtained. Therefore, 1t becomes pos-
sible to use the waveguide-embedded optical circuit 90 of
this embodiment as an optical circulator by inserting the
optical 1solator 110 1n the groove 93.

It should be noted that the structure 1s not limited to that
of the optical 1solator element 110 shown 1n FIG. 28 and, as
shown 1 FIG. 30(a) and FIG. 30(b), it 1s also possible to
adopt a structure wherein comb-shaped birefringent ele-
ments 112, 113 are adhered to opposite surfaces of Faraday
rotator 111 so as to face each other. In this case, the
comb-shaped birefringent elements 112, 113 are adhered so
that the comb teeth 112a of the comb-shaped birefringent
clement 112 face the gaps 1135 of the birefringent element
113 and the comb teeth 113a of the comb-shaped bireirin-
gent element 113 face the gaps 1126 of the birefringent
clement 112. I the optical 1solator element 110 1s inserted 1n
the groove 93 so that beam spot S1 1s positioned at the comb
teeth 112a of the birefringent element 112 and beam spot S2
1s positioned at the comb teeth 113aq of the birefringent
clement 113, the same function as that of the optical 1solator
clement 110 shown 1n FIG. 28 can be realized. When the
optical 1solator element 110 1s structured as illustrated 1n
FIG. 30, the birefringent elements 112, 113 are identical
components so that the process of adhering them to the
Faraday rotator 111 1s facilitated.

FIG. 31 1s a schematic perspective view showing the
structure of still another optical 1solator element 130 which
can be inserted in the groove 93.

The optical 1solator element 130 shown in FIG. 31 com-
prises a Faraday rotator 131 which rotates polarization by 45
degrees, birefringent elements 132, 133 provided on one
surface of the Faraday rotator 131, and bireiringent elements
134, 135 provided the other (opposite) surface of the Fara-
day rotator 131. As shown in FIG. 31, the birefringent
clements 132 and the birefringent elements 133 are arranged
alternately on the one surface of the Faraday rotator 131 and
the birelringent elements 134 and the birefringent elements
135 are arranged alternately on the other surface of the
Faraday rotator 131 1n such manner that the birefringent
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clements 132 and birefringent element 134 face each other
and the birefringent elements 133 and birefringent elements
135 face each other.

The crystal axes of the birefringent elements 132 and the
crystal axes of the birefringent elements 133 lie at right
angles, and the crystal axes of the birelringent elements 134
and the crystal axes of the birefringent elements 133 lie at
right angles. Furthermore, the crystal axes of the birefringent
clements 132 and the crystal axes of the birefringent ele-
ments 134 make an angle of about 45 degrees, and the
crystal axes of the birefringent elements 133 and the crystal
axes of the birefringent elements 135 make an angle of about
45 degrees.

Although, 1n this case, the crystal axes of the birefringent
clements 132, 133 can be set at 90 degrees and 0 degree,
respectively, relative to the boundaries between the birefrin-
gent elements 132, 133, and the crystal axes of the birefrin-
gent elements 134, 135 can be set at +45 degrees and —45
degrees, respectively, relatively to the boundaries between
the birefringent elements 134 and the birefringent elements
135, 1t 1s preferable to set the crystal axes of the birefringent
clements 132, 133 at +22.5 degrees and -67.5 degrees,
respectively, and to set the crystal axes of the birefringent
clements 134, 135 at +67.5 degrees and -22.5 degrees,
respectively, relative to the associated boundaries. This
configuration raises productivity because the plate body
consisting of the birefringent elements 132, 133, and the
plate body consisting of the birefringent elements 134, 135
can have the same structure.

The so-configured optical 1solator element 130 1s mserted
in the groove 93 so that the beam spot S1 of the light
outputting the embedded optical waveguide 204 (208) is
positioned at the part where the birelningent element 132,
134 1s provided and the beam spot S2 of the light outputting
the embedded optical waveguide 203 (207) 1s positioned at
the part where the biretfringent element 133, 135 1s provided.

FI1G. 32 1s a schematic view for explaining the optical path
in each circulator 120 1n the state where the optical 1solator
clement 130 i1s inserted in the groove 93. In FIG. 32,
although the crystal axes of the birefringent elements 132,
133 are set at 90 degrees and 0 degree, respectively, and the
crystal axis of the birefringent elements 134, 135 are set at
+45 degrees and —-435 degree, respectively, if these crystal
axes are set at +22.5 degrees, —67.5 degrees, —22.5 degrees
and +67.5 degrees, respectively as mentioned above, it
becomes possible to raise productivity.

As shown 1 FIG. 32, when the optical isolator element
130 1s 1mnserted in the groove 93, the Faraday rotator 131 and
the birefringent elements 132, 134 are located in the optical
path between the embedded optical waveguide 204 and the
embedded optical waveguide 208, and the Faraday rotator
131 and the birefringent elements 133, 135 are located 1n the
optical path between the embedded optical waveguide 203
and the embedded optical waveguide 207.

For this reason, light (reverse direction light) inputting to
the embedded optical waveguide 202 separates in the optical
coupler 211, propagates through the embedded optical
waveguides 203, 204, passes through the optical i1solator
clement 130 and undergoes interference in the same phase
and 1s constructed 1n the optical coupler 212. On the other
hand, light (forward direction light) mputting to the embed-
ded optical waveguide 205 separates 1n the optical coupler
212, propagates through the embedded optical waveguide
207, 208, passes through the optical 1solator element 130
and undergoes interference out of phase and 1s destructed 1n
the optical coupler 211. Thus, the forward direction light
inputting to the embedded optical waveguide 205 outputs
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from the embedded optical waveguide 202 and the backward
direction light inputting to the embedded optical waveguide
202 outputs from the embedded optical waveguide 206. That
1S, a circulator function 1s obtained. Therefore, it becomes
possible to use the waveguide-embedded optical circuit 90
of this embodiment as an optical circulator by 1nserting the
optical 1solator 130 1n the groove 93.

It should be noted that the structure 1s not limited to that
of the optical 1solator element 130 shown 1n FIG. 31 and, as
shown 1n FIG. 33(a) and FIG. 33(b), it 1s also possible to
adopt a structure wherein comb-shaped birefringent ele-
ments 132-135 are fabricated and adhered to opposite sides
of the Faraday rotator 111 so that the teeth 132a, 133a of the
birefringent elements 132, 133 fit into the gaps 13256, 1335
of the birefringent elements 132, 133, thereby uniting the
birefringent elements 132, 133, and so that the teeth 134a,
135a of the birefringent elements 134, 135 {it into the gaps
13456, 135H of the birefringent elements 134, 135, thereby
unmiting the birefringent elements 134, 135. In this case, the
comb-shaped birefringent elements 132, 133 are adhered so
that the teeth 132a of the birefringent element 132 face the
teeth 134a of the birefringent element 134, and teeth 133a
of the birefringent element 133 face the teeth 1354 of the
birefringent element 135. If the optical 1solator element 130
1s 1nserted in the groove 93 so that beam spot S1 1is
positioned at the comb teeth 132a, 134a of the birefringent
clement 132, 134 and beam spot S2 1s positioned at the comb
teeth 133a, 135a of the birefringent element 133, 135, the
same function as that of the optical 1solator element 130
shown 1n FIG. 33 can be realized. When the optical 1solator
element 130 1s structured, as illustrated in FIG. 30, the
birelringent elements 132, 133 are identical components so
that the process of adhering them to the Faraday rotator 131
1s Tacilitated.

Thus, 1n the waveguide-embedded optical circuit 90 of
this embodiment, multiple optical circulators 120 are pro-
vided and the embedded optical waveguides 205-208 incor-
porating the optical circulators 120 include spot-size trans-
formers. Owing to this configuration, the difiraction losses
arising in the groove 93 can therefore be reduced signifi-
cantly. It therefore becomes possible to reduce the difirac-
tion loss occurring in each circulator 120 and exploit the
advantage of the waveguide-embedded optical circuit being
capable of mimaturization.

The present invention has thus been shown and described
with reference to specific embodiments. However, 1t should
be noted that the present invention 1s 1n no way limited to the
details of the described arrangements but changes and
modifications may be made without departing from the
scope of the appended claims.

For example, it was explained in the foregoing that the
optical resin layer 105 1s provided 1n the region correspond-
ing to the first optical waveguide of the waveguide-embed-
ded optical circuit. However, since the optical resin layer
105 serves as the second optical waveguide (second clad-
ding), 1t can be omitted 1n the part corresponding to the first
optical waveguide. And 1t 1s not necessary to use the optical
resin layer 105 as the second cladding insofar as the refrac-
tive index of the optical resin layer 105 1s lower than the
refractive index of the lower cladding layer 102 and the
upper cladding layer 103 and other materials may be used.

In the above-described embodiments, the substrate 11 1s
formed using silica glass. However, the substrate 11 is not
limited to silica glass insofar as a beam can be eflectively
coniined 1n the lower cladding layer 102 and the substrate 11
may be formed of silicon that has a silica glass layer on its
surface.
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EXAMPLE 1

A spot-size transiformer comprising the embedded optical
waveguide 21 was fabricated, That 1s, a spot-size trans-
former was fabricated of only the substrate 11, the lower
cladding layer 102-1, the upper cladding layer 103-1, the
core region 104-1 and the optical resin layer 105-1.

A silica glass containing germamum was used as the
material of the core region 104-1 (first core) and BPSG
(silica glass doped with boron and phosphorus; n=1.4558)
was used as the material of the lower cladding layer 102-1
and the upper cladding layer 103-1 (first cladding=second
core) and an optical adhesive (n=1.4473) was used as the
optical resin layer 105-1 (second cladding).

Furthermore, as regards the size of the core region 104-1
(first core), the length of the region corresponding to the first
optical waveguide of the embedded optical waveguide 21
was set at 200 um, the width and the height of the region was
set at 7 um, the length x, of the taper corresponding to the
transition waveguide was set at 100 um and the width x, of
the end of the taper was set to 0.4 um.

Furthermore, in the laminated body consisting of the
lower cladding layer 102-1 and the upper cladding layer
103-1 (first core=second core), the length, the height, and the
width of the laminated body were 2400 um, 35 um, 34 um,
respectively. The 200 um section in which the height and the
width of the core region 104-1 of the first core was set
constant (the part corresponding to the first optical
waveguide) served as the first cladding layer and the 1200
um section where the core region 104-1 was not present
served as the second core (the part corresponding to the
second optlcal waveguide). And the 100 um section 1n which
the core region 104-1 was tapered (the part correspondmg to
the transition waveguide) gradually changed in function
from that of the first cladding layer to that of the second core.

The spot-size of the beam was about 10 um and the beam
1s mput to the first optical waveguide of the above-men-
tioned embedded optical waveguide 21 of the spot-size
transformer of such structure and optical field mode distri-
bution of the beam outputting from the second optical
waveguide was measured. It was found that the spot-size of
the beam output from the second optical waveguide was
about 28 um, meaning that 1t had been enlarged 2.8 times.

EXAMPLE 2

An arrayed optical 1solator was fabricated in the same
manner as the waveguide-embedded optical circuit 10
shown 1n FIG. 2.

The spot-size transformers included in the arrayed optical
1solator of Example 2 were of the same material and the
same size as the one i accordance with Example 1. The
groove separating the spot-size transformers was given a
width of 600 um and a formation angle Og of 5 degrees.
Moreover, an optical 1solator element was fabricated of a
Faraday rotator formed to a thickness of 370 um of bismuth-
substituted rare-earth 1ron Garnett, whose rotation angle at
the wavelength of 1.55 um was 45 degrees, and two polar-
1zers consisting ol the wedge-shaped polarization glasses
that were adhered to opposite sides of the Faraday rotator as
shown 1n FIG. 18. The optical 1solator element was inserted
in the groove at an insertion angle 01 of 0.6 degrees and
applied with a magnetic field.

The extinction ratio and 1nsertion loss were determined by
causing light of a wavelength of 1.550 um to propagate
through one embedded optical waveguide and measuring the
light intensity in the other embedded optical waveguide. The
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extinction ratio was found to be 29 dB and the insertion loss
to be 1.0 dB In other words, very good characteristics were
achieved.

EXAMPLE 3

r

The arrayed optical 1solator was fabricated 1in which the
width of the groove established in the arrayed optical
1solator array of Example 2 was made 3500 um (formation
angle 0g=5 degrees). Moreover, an optical 1solator element
was fabricated of a Faraday rotator formed to a thickness of
370 um of bismuth-substituted rare-earth iron Garnett,
whose rotation angle at the wavelength of 1.55 um was 45

degrees, and two birefringent elements consisting of x-cut
quartz plates of a thickness of 46 um that were adhered to
opposite sides of the Faraday rotator as shown in FIG. 20.
The optical 1solator element was 1nserted 1n the groove at an
insertion angle 0f of 0.6 degrees and a magnetic field was
applied.

The extinction ratio and 1nsertion loss were determined by
causing light of a wavelength of 1.550 um to propagate
through one embedded optical waveguide, and measuring
the light intensity 1n the other embedded optical waveguide.
The extinction ratio was found to be 26 dB and insertion loss
to be 0.4 dB In other words, very good characteristics were
achieved.

EXAMPLE 4

An arrayed optical 1solator was fabricated in the same
manner as the above-mentioned waveguide-embedded opti-
cal circuit 10.

The spot-size transtormers included 1n the arrayed optical
isolator of Example 4 were of the same material and the
same size as the one 1 accordance with Example 1. More-
over, an optical 1solator element was fabricated of a Faraday
rotator formed to a thickness of 370 um of bismuth-substi-
tuted rare-earth iron Garnett, whose rotation angle at the
wavelength of 1.55 um was 45 degrees, and two birefringent
clements constituted as x-cut quartz plates of a thickness of
46 um that were adhered to opposite sides of the Faraday
rotator. The optical 1solator element was inserted in the
groove at an insertion angle 0f of 0.6 degrees and applied
with a magnetic field.

When the embedded optical waveguides 205, 206, 201,
202 shown 1n FIG. 27 were defined as Ports A, B, C, and D,
respectively, the loss when A was made the input port and C
the output port was 22.3 dB, the loss when A was made the
input port and D the output port was 1.6 dB, the loss when
D was made the mnput port and A the output port was 20.4
dB, and the loss when D was made the input port and B the
output port was 1.8 dB Thus, very good characteristics were
achieved.

For comparison, an arrayed optical circulator was fabri-
cated without incorporating a spot-size transformer at the
region 100 shown 1n FIG. 27 and with the height and width
of the core regions fixed at 7 um throughout the embedded
optical waveguides 203, 204, 207, 208, The arrayed optical
calculator was subjected to the same measurements as 1n
Example 4. The loss when A was made the input port and D
the output port was 8.9 dB, 1.e., the insertion loss was large
compared with that of the arrayed optical circulator of
Example 4. It was thus confirmed that the diffraction loss of
the spot-size transformer was reduced significantly in the
optical circuit according to the mvention.
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The 1invention claimed 1s: regions for passing the light propagating through the two
1. An optical functional element comprising: or more pairs of the embedded optical waveguides.
a magneto-optic functional element; 3. An optical functional element inserted into a groove of
first birefringent plates formed on one side of a surface of  an arrayed waveguide-embedded optical circuit which com-
the magneto-optic functional element intersecting a 5 prises a waveguide, a groove formed across the waveguide
light path for passing the light at predetermined inter- and two or more embedded optical waveguide pairs whose
vals; and members face each other across the groove, wherein the
second birefringent plates formed on the other side of the optical functional element comprises:
surface of the magneto-optic functional element at a magneto-optic functional element:

predetermined intervals. 10

2. An optical functional element iserted into a groove of
an arrayed waveguide-embedded optical circuit which com-
prises a waveguide, a groove formed across the waveguide
and two or more embedded optical waveguide pairs whose
members face each other across the groove, wherein the 15
optical functional element comprises:

a magneto-optic functional element;

first birefringent plates formed on one side of a surface of
the magneto-optic functional element intersecting a
light path for passing the light at predetermined inter-
vals; and

second birefringent plates formed on the other side of the
surface of the magneto-optic functional element at
predetermined 1ntervals.

first and second birefringent plates being arranged on one 4 The opti.cal tunctional element _ill accor dance with
surface of the magneto-optic functional element in a claim 3 wherein the first and second birefringent plates are
checker pattern; »q located at positions where they do not substantially face

third and fourth birefringent plates being arranged on the each other across the magneto-optic functional element.

other surface of the magneto-optic functional element
in a checker pattern; and I
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